An on-wafer characterization technique has been developed to determine the thermomechanical properties of a thin film. The thin film is deposited on an anisotropic substrate with in-plane principal directions of elasticity. The mismatch of thermomechanical properties between the substrate and the thin film causes the bilayer structure to deflect. Measuring this deflection and fitting it with a surface equation gives curvatures of the bilayer structure. The relationships between curvatures and thermomechanical properties are derived from equilibrium conditions. The results of a sensitivity analysis suggest the adoption the Poisson's ratio of bulk material such that the Young's modulus and the coefficient of thermal expansion (CTE) of the thin film can be found from fitted principal curvatures. An aluminum thin film deposited on an ST-cut quartz substrate at high temperature is employed for verification. The Young's modulus and CTE of the aluminum film are found to be 81.25 GPa and 25.52 ppm/ C, respectively. Data analysis shows that the characterization of Young's modulus and CTE is much more sensitive to principal curvatures than the Poisson's ratio.
Introduction
Thin films are often adopted as materials for microstructures in rapidly growing microelectromechanical system (MEMS) devices. The thermomechanical properties of thin films are indispensable in designing and manipulating microstructures. Due to the thicknesses of thin films generally being in the nanometer range, their thermomechanical properties might be different from those of bulk materials. Therefore, the bulk material properties might not be applicable anymore and developing a reliable characterization method is indispensable.
To characterize the mechanical properties of thin films, different testing methods were developed by many researchers. In 1988, Johansson et al. first determined Young's modulus from the bending test of a silicon microcantilever beam. 1) This test is based on the linear bending theory in which the measurements of the applied force and beam deflection are required. Using an atomic force microscope, Sundararajan et al. conducted the same bending test on a nanoscale clamped-clamped beam in 2002.
2) They determined Young's moduli of silicon and silicon dioxide. Allen et al. developed the bulging test of a polyimide membrane in 1987.
3) The bulging deflection under uniform pressure is measured to determine Young's modulus and residual stress. Compared with indirect methods, such as beam bending and bulging test, direct tensile testing on a micromachined polysilicon specimen was conducted by Sharpe et al. in 1997. 4) In addition to measuring the applied load, they measured strain by laser-based interferometry to evaluate Young's modulus and fracture strength. Using a nanoindenter, Son et al. carried out bending tests of aluminum and gold microcantilever beams in 2003. 5) Young's moduli and yield strengths of beam materials were estimated and their dependence on the grain size was studied. In 1979, Petersen and Guarnieri designed a frequency sensing technique for electrostatically vibrating microcantilever beams. 6) Based on the known mass densities and beam geometries, they extracted Young's moduli of various insulating thin films from the measured resonant frequencies. Other than the mechanical properties, the thermomechanical properties of thin films could also be determined by taking into account the thermal mismatch between the thin film and the substrate. In 1980, Retajczyk and Sinha employed the relationships between thermal stresses and temperature variations to evaluate elastic biaxial moduli and coefficients of thermal expansion (CTE) of BN and B 2 N thin films deposited on silicon and fused quartz substrates. 7) By combing the experimental and finite element analysis results, Zhao et al. improved this method to determine the Poisson's ratio of silicon dioxide films on silicon and GaAs substrates in 1999. 8) In 2000, Zhao et al. deposited the same thin films on two substrates, one isotropic and the other anisotropic, to simultaneously evaluate the Young's modulus, Poisson's ratio and CTE of the thin films. 9) In this study, a novel on-wafer technique for the characterization of thermomechanical properties of thin films is developed. The deflection of the film-substrate-formed bilayer structure is the only data required. Based on equilibrium conditions, a mathematical model describing relationships between curvatures and thermomechanical properties is established. An aluminum thin film deposited on an ST-cut quartz substrate is employed for verification. Measuring the deflection of the bilayer structure and fitting it with a surface equation yield the induced curvatures from which the Young's modulus and CTE of the aluminum thin film are evaluated.
Mathematical Model
A film-substrate bilayer structure is formed by depositing a thin film of thickness t f onto a substrate of thickness t s , as shown in Fig. 1 . As the deposition temperature is higher than room temperature by ÁT, the mismatch in CTE between the film and the substrate causes the bilayer structure to bend. Moreover, for an anisotropic substrate, twisting other than bending may also be generated. The lower the symmetry of the substrate, the more complex deformation is resulted. Therefore, a general expression for substrates of low symmetry should be derived such that most information can be explored.
The in-plane strains " x , " y , and " xy in the bilayer structure can be treated as a combination of two parts. The first part consists of the midplane strains " mx , " my , and " mxy , whereas strains due to the midplane curvatures x and y and the midplane twist xy compose the second part. The in-plane strains therefore can be expressed as
where z m is the midplane location and z is the distance measured from the interface. For a thin plate, it is reasonable to neglect the out-of-plane stresses; therefore, the normal stresses x and y and the shear stress xy compose a state of plane stress at any distance z. Consequently, Hooke's law becomes 
f Þ, where the superscript f denotes the film, E f , G f , f , and f refer to the Young's modulus, shear modulus, Poisson's ratio, and CTE of the film. The stresses in the substrate obtained from eqs. (2)- (4) are In the absence of external force and moment, the bilayer structure has to satisfy the force equilibrium as Z 0
and the moment equilibrium as Z 0
Substituting eq. (1) and eqs. (5)- (10) into eqs. (12)- (14), the force equilibrium can be separated into two parts. Firstly, the resultant forces induced by the curvatures and twist are zero, that is,
Secondly, the resultant forces caused by the midplane strains are also zero, which results in
ð23Þ Providing that the thin film is much thinner than the substrate, i.e., t f ( t s , the midplane location can be approximated as z m ¼ Àt s =2 from eqs. (18)- (20). Employing this z m and substituting eq. (1) and eqs. (5)- (10) into eqs. (15)- (17), the equilibrium of moments gives 
When the coordinate axes coincide with the principal directions of elasticity, eqs. (21)- (26) become
where 1 and 2 are the principal curvatures, and " m1 and " m2 are the principal midplane strains. The principal midplane strains in eqs. (28) and (29) can be solved as
where
Substituting eqs. (32) and (33) into eqs. (30) and (31), two relations containing the three film material constants B f , f , and f can be obtained:
Equations (35) and (36) show that once the principal curvatures and one of the three film material constants are known, the determination of the other two film material constants is feasible. To facilitate the choice of constants to be fitted, a sensitivity analysis is carried out.
Since the given principal curvatures are preconditions for determining material constants, assigning a proper value to one of the three material constants whose variation negligibly affects the curvatures causes a small error in the determination of the other two material constants. Thus, carrying out a sensitivity analysis is helpful in forming a characterization strategy. The sensitivities of the principal curvatures 1 and 2 with respect to the film material constant B f can be found from eqs. (35) and (36) as
Similarly, the sensitivities of the curvatures with respect to f and f can also be calculated as
and
Experimental Demonstration
The developed technique is examined by depositing an aluminum film on an ST-cut quartz substrate. ST-cut quartz is a rotated Y-cut quartz with a 42. 75 cutting angle rotating about the crystalline x-axis. Its in-plane elastic constants can be calculated as s 10) The prime notation denotes the coordinate x 0 -and y 0 -axes in the ST-cut quartz substrate that are transformed from the x-and rotated z-axes of quartz crystal. The x 0 -axis is also an axis of two-fold rotation symmetry. The magnetron-sputtered aluminum film had a thickness of 0.22 mm and the 4-in. ST-cut quartz substrate was 525 mm thick. The deposition was carried out at 500 C with an Ar pressure of 3 mTorr, a flow rate of 10 sccm, and a power of 50 W. After deposition, the substrate was cooled to 27 C. X-ray diffraction (XRD) measurement shows that the aluminum film has a preferred (111) orientation, as shown in Fig. 2 11) According to the preferred orientation and the shift in 2 angle, the aluminum film is under tensile stress. 12, 13) In addition to polycrystalline, this preferred orientation also has isotropic nature in the in-plane directions.
9)
The argon ion intrusion in the deposited film during sputtering may introduce intrinsic residual stress to the film. For low argon pressure and the target material whose atom mass is larger than that of argon, compressive film stress develops owing to the bombardment of the reflected argon ions. However, for the aluminum film deposited below an argon pressure of 20 mTorr, the effect of ion bombardment on the deposited film is nearly negligible. 12, 14) Energydispersive X-ray analysis (EDX) shows the bilayer-structure composition in weight percent (wt %) as 49.5 wt % oxygen, 14.6 wt % aluminum, and 35.9 wt % silicon, which also confirms that argon is absent. Therefore, the deformation of the bilayer structure is mainly caused by thermal mismatch and the proposed characterization method can be adopted.
In reality, CTEs depend on the temperature T and the deflection is due to the total thermal strain during deposition. The characterization method derived is based on this total thermal strain; therefore, it can only obtain the temperatureaveraged CTE " defined as
where ðTÞ is the instantaneous CTE, whereas T 1 to T 2 is the temperature history of the deposited film. The instantaneous CTEs of quartz from 0 to 500 C 15) can be fitted as
where the units of ij and T are ppm/ C and C, respectively. Therefore, the averaged CTEs are " 11(quartz) ¼ 16:6 ppm/ C and " 33(quartz) ¼ 9:43 ppm/ C accordingly. Consequently, the CTEs of the ST-cut quartz substrate can then be calculated as " 
The averaged CTE of aluminum in this temperature range is therefore " Al ¼ 27:4 ppm/ C. Because the characterization is based on the curvatures that cannot be measured directly, fitting the deflection data to find the curvatures is a priori. Therefore, finding a surface equation that can describe the deformation of the bilayer structure is necessary. Using the aforementioned material properties can obtain the midplane strains " mx , " my , and " mxy from eqs. (21)-(23). Substituting these midplane strains into eqs. (24)- (26), the twist xy and curvatures x and y can be found. Having the thermomechanical properties in different in-plane directions been calculated for the anisotropic quartz substrate, the corresponding curvatures and twist are obtained and shown in Figs. 3(a) and 3(b) , respectively. 
with a n ¼ a n0 þ a n2 cos 2 þ b n2 sin 2; n ¼ 1; 2; 4; ð50Þ
where is the deflection, r is the radial coordinate, is the azimuthal coordinate measured counterclockwise from the x 0 -axis. Constant terms and the term of the first degree of r are responsible for the rigid body motion, whereas terms of the second and fourth degrees of r are employed, considering the linear symmetry of elastic deformation. Terms of cos 2 and sin 2 correspond to the two-fold rotation symmetry and the angular misalignment during measurement.
Contours were measured with a KLA-Tencor FLX-2320 system before and after the film deposition. The measurements were obtained at an angular increment of 5 rotating about the substrate normal and with a range of 180 to scan the entire substrate. The contour difference before and after the film deposition is the deflection due to thermal mismatch. Combining the measured data, contours for different stages and the substrate deflection are shown in Fig. 4 . Using linear regression to fit the substrate deflection, the coefficients in eqs. (49) and (50) Theoretically, every location should have the same curvatures if the diameter of the bilayer structure is infinity. For a finite size substrate, linear distributions of strains along the z-axis as given in eq. (1) are not valid anywhere owing to boundary effects, with the consequence that the curvatures are varying with location. However, Saint-Vernant's principle ensures that the curvatures are almost constants and eq. (1) is a good approximation in the region far from the edge. Because of symmetry, the curvatures have their extrema at the center of the substrate and can be measured more accurately than any location else. Therefore, the curvatures are calculated at r ¼ 0 with eq. (49) in different in-plane crystalline directions. These results are compared with those obtained from the theoretical model with thermomechanical properties of the bulk material, as shown in Fig. 5 . The angle between the x 0 -axis of ST-cut quartz and the direction for curvature measurement is the abscissa. The comparison range is chosen from 0 to AE90 with respect to the principal direction, as shown in Fig. 3 . It is obvious that two curves have the same trend and the discrepancies are mainly due to the thermomechanical properties of the aluminum film being different from those of the bulk material.
The principal curvatures fitted are 1 ¼ 0:0342 m À1 and 2 ¼ 0:0302 m À1 . Substituting these two principal curvatures and thermomechanical properties of bulk aluminum into eqs. (38)-(43), the corresponding sensitivities are respectively. To determine the normalized sensitivities, a 1% variation is assigned to the bulk material constants, the corresponding changes in curvatures are approximately
This indicates that the curvatures are relatively insensitive to the variation in Poisson's ratio. For the estimation of thin film material constants of aluminum, the Poisson's ratio is therefore assigned a value of 0.345, the same as that of the bulk material. Subtracting eq. 
This gives B f a value of 92.23 GPa whereas the second root is beyond the reasonable range. As a consequence, the evaluated Young's modulus and CTE of the aluminum film are 81.25 GPa and 25.52 ppm/ C, respectively. Since the evaluated results depend on the preassigned Poisson's ratio, it is desired to investigate the effect of the variation in assigned value. Table I shows the evaluation results with respect to different Poisson's ratios. Differences of 2.57 and 3.40% for the evaluated Young's modulus and CTE are observed to correspond to a 10% variation in Poisson's ratio. This is consistent with the previous deduction.
Evaluation differences with respect to the variations in principal curvatures are also examined. The principal curvatures are altered by AE3% to the previous fitted value. The maximum differences of 17.58 and 8.19% for the evaluated Young's modulus and CTE corresponding to 3% variations in principal curvatures are observed, as given in Table II . This shows that the evaluation of film material properties is very sensitive to the fitted curvatures. Therefore, it is very important to use a reasonable surface model to fit the deformation of the bilayer structure.
In the study of the Young's modulus of the sputtered aluminum film, 5) the values from 77.6 to 80.9 GPa and from 74.3 to 79.3 GPa for thicknesses from 0.51 to 1.5 mm were obtained by bending test and nanoindentation, respectively. Obviously, the results obtained by the proposed evaluation method are consistent with those of other studies using different techniques.
Conclusions
An on-wafer characterization method for the thermomechanical properties of a thin film has been proposed. Being deposited on an anisotropic substrate, the thermomechnical properties of a thin film can be determined from the deformation status of the bilayer structure. The lower the substrate symmetry, the more information of the thin film one can obtain. By employing a general orthotropic substrate, evaluating the Young's modulus and CTE of the film is possible. This method can only obtain a temperatureaveraged value for the temperature-dependent CTE.
An aluminum film deposited on an ST-cut quartz substrate was used for demonstration. A sensitivity analysis showed that the principal curvatures are relatively insensitive to the Poisson's ratio. Employing the Poisson's ratio of the bulk material, the Young's modulus and CTE of the aluminum film were determined to be 81.25 GPa and 25.52 ppm/ C, respectively. Simulation results show that the evaluation of film material properties is very sensitive to the fitted curvatures; therefore, a reasonable surface model for deformation fitting is crucial.
Further determination of the Poisson's ratio of the aluminum film is possible if the same film is also deposited on a substrate of different material. In this case, more equilibrium relations are obtained and the Young's modulus, CTE, and Poisson's ratio can be determined by solving the simultaneous equations. 
